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tration problems and allows replication of full-scale stress levels and gradients within small-scale 
Experimental apparatus

85
The centrifuge tests focused on the use of an axisymmetric model (rather than plane-strain) in or-
86
der to obtain measurements of sub-surface displacements yet still be consistent with the geometric 87 and stress/strain conditions around a cylindrical penetrometer. The centrifuge container, illus- 
Centrifuge tests
151 sponding to a quasi-static penetration process.
156
The main focus of this project was the study of penetration within layered soils, which was achieved 157 by varying the relative density of the sand at distinct levels within the soil, as summarised in Ta 
Results and Discussion
193
This section presents results obtained from the experiments described in the previous section.
194
Penetration resistance and soil deformation data are presented according to the schematic given 195 in Fig. 3 , which also provides an illustration of some other geometric and engineering parameters.
196
The cone tip resistance (q c ) was calculated from the cone tip load, Q tip , (from strain gauge data) The mechanism of soil deformation may also be studied by considering the path or trajectory 400 of a given soil element as it is affected by the probe. Fig. 8 shows trajectories of soil elements . 10a ), the peak above the 452 interface occurs at around 2 B, where the penetration resistance starts to be affected.
453
The influence zone beneath the interface is not as obvious due to the smooth nature 454 of the curves, however the data tends to level off at about 5B from the interface,
455
which is close to the value of z s = 4B from the penetration resistance data in Fig. 5a .
456
For the test with dense over loose sand (T05 in Fig. 10b) , the peak occurs at the condition of the experiments with Cauchy's infinitesimal strain tensor and a small deformation assumption, the strains were calculated using:
The Mohr circle of strains in the 'x-y' plane is illustrated in Fig. 11a . Some smoothing was ap- sharply to its maximum value. The value of shear strain in dense sand is larger than that in loose 506 sand, which is also in accordance with the distorted soil element patches shown in Fig. 9 . There 507 is no obvious difference in the strain reversal for both dense and loose sand. The sensing distances 508 of ǫ xx and ǫ yy are shown to be about 8 B in the dense sand and 5 B in the loose sand. These sensing distances may be compared to the influence zones in layered soils determined earlier from 510 the penetration resistance data. It was noted that the influence zone in dense soil was larger than 511 in loose soil, which agrees with the sensing distances determined from Fig. 4 .
513
The phase from h/B = −0.5 to 0 exhibits a small proportion of strain reduction, which is most The phenomenon of strain reversal discussed above was also reported by Baligh (1985) and 522 White and Bolton (2004). However, the former was an analytical solution that is only suit-523 able to undrained clay and the latter was from calibration chamber tests in a plane-strain model.
524
The strain data from the axisymmetric model presented here, and in particular the strain reversal 525 behaviour illustrated in Fig. 12 , are most applicable to conventional penetration problems in sand.
527
The variation of ǫ volume with offset from the probe centreline is shown in Fig. 13 for y = 150 mm.
528
The eventual state of ǫ volume also indicates the distribution of density after penetration. For dense 529 sand, the soil elements at 2 x/B = 2 ∼ 4 show a peak dilation when the probe is just above the 530 soil element horizon (h/B = −1 ∼ −2), followed by a quick transition to a final dilative state.
531
For the soil elements further away, there is a general increase in volumetric strain towards the 532 ultimate contractive state value. For the loose soil, there is no systematic trend in final volumetric 533 strain with offset. All the soil elements illustrate a final contractive state and the magnitude of 534 contractive volumetric strain is generally higher compared to the dense soil. 
549
The data shows that, compared to the axisymmetric test, the plane-strain test illustrated higher (Fig. 15a) , a transition of the trends from characteristically loose to dense occurs. For the 569 dense over loose test (Fig. 15b) , there is also a transition of the trends, however the data obtained were also compared with data from White (2002) to examine the effect of particle size and to 606 illustrate the differences between plane-strain and axisymmetric tests.
608
The mechanism of deformation of layered soils around the probe was described and highlighted 
